Summary Tree species from the Central Amazon inundation areas are subjected to extreme flooding, with trees being partially submerged for up to 10 months. The rapidly advancing floodwater table at the onset of the aquatic phase interrupts the inward diffusion of oxygen from the atmosphere to submerged plant parts. Salix martiana (Leyb.) (Salicaceae) and Tabernaemontana juruana ((Markgr.) Schumann ex J. F. Macbride) (Apocynaceae), tree species typical of Amazon floodplains, respond to low oxygen concentrations by forming adventitious roots capable of longitudinal oxygen transport. Cuttings of these tree species were subjected to simulated flooding and the oxygen concentration of the root cortex was temporally monitored by oxygen microelectrodes that penetrated the roots. Changes in the floodwater table made it possible to localize precisely the entry points of atmospheric oxygen. Under experimental conditions, mathematical description of the transport kinetics revealed that longitudinal transport of O 2 in both species was mainly attributable to diffusion. Based on the finding that diffusion was inhibited by a small increase in the floodwater table, we conclude that internal oxygen transport during a rising water table is only attainable when adventitious roots are continuously and rapidly developed, as is the case in S. martiana. In T. juruana, slow growth of adventitious roots and low root porosity suggest that other adaptations are required to overcome long flooding periods.
Introduction
Flooding severely constrains plant growth and development. Plants subjected to partial or complete submergence have to cope with oxygen starvation, accumulation of toxic metabolites in submerged organs, and the build-up of phytotoxic reduced compounds in the rhizosphere. Species occurring in wetlands have adapted to these conditions in various ways through metabolism and morphology. Metabolic adaptations comprise altered protein expression in favor of enhanced abundance of anaerobic polypeptides (ANPs) that are involved in alternative carbon metabolism and fermentation processes, representing an appropriate tool for the production of ATP and recycling of NADH under low oxygen conditions (Sachs et al. 1996 , Drew 1997 , Fennoy et al. 1998 ). Morphological and anatomical responses to flooding improve the internal energy status of submerged plant organs by increasing internal aeration. This is achieved by stimulated elongation of submerged shoot organs and petioles (Van der Sman et al. 1993 , Voesenek et al. 1997 , hypertrophy of lenticels (Angeles et al. 1986 , Angeles 1990 , Larson et al. 1993 , formation of adventitious roots near the oxygenated water surface (Justin and Armstrong 1987 , Blom et al. 1994 , Lorbiecke and Sauter 1999 , and the development of aerenchyma (Smirnoff and Crawford 1983, Jackson and Armstrong 1999) . The formation of a gas-space continuum (aerenchyma or intercellular spaces, or both) between the shoot and the root is an important anatomical trait that is widespread among flood-tolerant species. The porous structure, especially in adventitious roots induced by flooding, facilitates longitudinal oxygen transport by diffusion or convective flow from the shoot to the root and reduces the number of oxygen-consuming cells. In several wetland species, radial diffusion of oxygen from well-oxygenated roots to the reduced rhizosphere has been reported, a trait that helps to detoxify reduced phytotoxins outside the root (Armstrong et al. 1992 , Christensen et al. 1994 , Joly 1996 , De Simone et al. 2002b . Other species conserve oxygen by forming suberin deposits in root peripheral cell layers, which provide an efficient barrier, restricting the outward diffusion of oxygen and the entry of phytotoxins (Colmer et al. 1998 , Armstrong et al. 2000 , De Simone et al. 2002b . In both processes, a continuous supply of oxygen from the shoots to the roots is required. Knowledge about the entry points for oxygen into the shoot is limited. In trees, lenticels at the stem base are generally considered to represent points of oxygen entry, because blocking of lenticels results in an insufficient supply of oxygen (Armstrong 1968 , Joly 1996 , Allaway et al. 2001 .
In this study, we attempted to localize the possible entry points for atmospheric oxygen into shoots and to describe mathematically the oxygen transport pathway in partially submerged plants. Investigations were carried out on two evergreen tree species from the Central Amazon várzea floodplains that are able to survive flooding for up to 7 months (Worbes 1985 , Parolin 2000 . Salix martiana (Leyb.) (Salicaceae) is a fast-growing, light-demanding pioneer species that grows in open, monospecific stands. Salix is the first woody colonizer of low-elevation sites that are characterized by high sedimentation rates and by long periods of inundation with fast flowing water (Parolin et al. 2002) . Tabernaemontana juruana ((Markgr.) Schumann ex J. F. Macbride) (Apocynaceae) is a shade-tolerant understory species that, like Salix, inhabits the lowest portion of the flooding gradient, especially where water is slow flowing (Waldhoff et al. 1998 ). Both species form porous adventitious roots when partially submerged, but exhibit different root anatomical traits (De Simone et al. 2002b) . To determine the fate of oxygen, we used sensitive, small-diameter (20 µm) oxygen microelectrodes to make precise measurements of oxygen concentrations in the cortex. The time course of oxygen transport through the root cortex was monitored in response to changes in the floodwater level in the basal stem zone where adventitious roots originated. Experiments included simulations of advancing and receding floodwater.
Materials and methods

Plants and growth conditions
Experiments were carried out with 2-to 4-month-old cuttings of S. martiana and T. juruana derived from 2-to 3-year-old trees grown from seeds collected in Central Amazonia. Cuttings were rooted in standard potting soil for about 1 month. After washing the roots with tap water, the 10-to 14-cm tall cuttings were transferred to stagnant agar nutrient solution in a narrow glass dish (width = 20 cm, length = 8 cm, depth = 5 cm). Agar (0.5% w/v) was dissolved in a nutrient solution containing (mM): NH 4 NO 3 (3.0), MgSO 4 (0.5), CaCl 2 (1.5), K 2 SO 4 (1.5), NaH 2 PO 4 (1.5); and (µM): H 3 BO 3 (25), MnSO 4 (1), ZnSO 4 (0.5), (NH 4 ) 6 Mo 7 O 24 (0.05), CuSO 4 (0.3), FeEDTA (40), pH between 5.5 and 6.0. A layer of tap water (~1 cm) covered the surface of the agar to simulate natural flooding conditions and to prevent drying and shrinking of the agar surface (permanent floodwater, Figure 1A ). Plants were cultivated in a climate chamber under the following conditions: 70-80% relative humidity, 12-h photoperiod (PAR 50 µmol m -2 s -1 ) and a 32/28°C day/night temperature. Cuttings were illuminated additionally with 100 µmol m -2 s -1 from four high-pressure mercury lamps (HQL-R, 80 W, OSRAM, Germany) for the middle 8 h of the day. Cuttings were transplanted to fresh agar medium once a week. The medium was prepared by autoclaving the nutrient solution with the agar (121°C) and subsequently deaerating the warm liquid (35-37°C) under nitrogen (N 2 ) for 24 h. The glass dish was wrapped in black paper to prevent illumination of the roots. Oxygen measurements were made on 11 S. martiana trees and six T. juruana trees. Measurements were carried out on 20 individual roots from each species.
Scanning electron microscopy (SEM)
For SEM investigations of the entry points of atmospheric oxygen, segments of adventitious roots (near the origin) and shoot segments with emerging adventitious roots were fixed in 3.7% p-formaldehyde in phosphate buffer (0.1 mol l -1 , pH 7.0) for 24 h, washed repeatedly with buffer and dehydrated in an increasing ethanol series. After critical point drying, the segments were coated with gold and examined with a Zeiss 940 DSM (Oberkochen, Germany) scanning electron microscope. Photomicrographs were recorded on negative film (Agfa 100, Leverkusen, Germany).
Oxygen measurements
Oxygen measurements were performed on young adventitious roots that grew below a 5-to 15-mm thick oxygen-free agar layer. Only the uppermost layer of the agar (1 to 2 mm) was found to be oxygenated by diffusion of atmospheric oxygen into the agar medium. Thus, oxygen detected in and around these roots was derived from internal oxygen transport. Adventitious roots of both species were 1 to 2 weeks old and were grown in permanently flooded agar. The diameters of these roots were between 0.7 and 1.2 mm in both species. Because of the different growth rates, there was a considerable difference in the mean length of adventitious roots; roots were 10 to 16 cm long in S. martiana, and 4 to 6 cm long in T. juruana. The agar medium for the oxygen measurements consisted of two layers: a lower layer of solid agar (2% w/v) to the surface of which the adventitious roots were fixed by means of thin glass hooks, and an upper layer (1 to 2 cm thick) of 0.5% w/v agar in which the roots were immersed (Figure 1) . A cavity at the center of the lower solid agar layer (0.5% w/v) contained the older roots. Microelectrodes were inserted, with the aid of a magnifying glass, into roots placed close to the wall of the dish. The position of the shoot in the agar and the height of the water table were kept constant after transfer to fresh medium. The temperature during the measurements was 30°C and relative humidity was 55%.
Oxygen concentrations in the root cortexes were measured with oxygen microsensors (MasCom, Bremen, Germany and Unisense, Aarhus, Denmark) similar to the miniaturized Clark oxygen electrode described by Revsbech (1989) . Experimental details of these oxygen measurements in roots and in the rhizosphere are described by De Simone et al. (2002b) .
Flooding experiments were carried out with the microelectrode permanently positioned in the cortex of the adventitious root both during flooding and during removal of floodwater. The dish was initially flooded with oxygen-free tap water (below 0.1 mg l -1 floodwater, Figure 1B ). Nitrogen was bubbled through the floodwater to produce deaerated floodwater. Air was then bubbled through the floodwater to regenerate oxygen-rich floodwater. The measuring point of the electrode was between 3 and 3.5 cm away from the origin of the adventitious root. During the flooding experiments, the dish containing all roots and the basal stem region was kept in the dark.
Results
Development of adventitious roots
Adventitious roots of both species grew vigorously during the experiment. In S. martiana, adventitious roots emerged directly from the stem 1 to 3 days after their transfer to flooded agar medium. Roots emerged simultaneously either above the surface of the floodwater (aerial root), at the surface (surface root), or in the floodwater, and grew downward into the oxygen-free agar. New roots also developed from the basal parts of older roots. Root length increased up to 1.5 cm day -1 , depending on the internal oxygen supply. Some lateral roots were formed 2 to 4 days after the emergence of the adventitious root and often grew vertically upward. Root growth stopped as soon as the roots contacted the atmosphere. Once the older roots stopped growing, new adventitious roots developed.
Tabernaemontana juruana first showed adventitious roots 2 to 4 weeks after transfer to stagnant agar. The growth rate of T. juruana roots (1 to 3 mm day -1 ) was markedly lower than that of S. martiana roots. The roots emerged simultaneously at different heights directly from the stem. Five to 10 days after the emergence of adventitious roots, numerous lateral roots formed near their basal parts.
Scanning electron microscopy
Salix martiana had no hypertrophied lenticels under the experimental conditions (Figure 2A ). Adventitious roots of S. martiana emerged through the stem, leading to a local loosening of the shoot epidermis ( Figure 2C ). The areas around the origin of adventitious roots were the only sites on the shoot where the shoot cortex was directly exposed to the atmosphere. Areas of proliferated porous tissue were also detected at the surface of the basal parts of adventitious roots ( Figures 2D and 2E ). Except for these areas, the epidermis of both shoot and roots exhibited sealed nonporous surfaces. In contrast, stems of T. juruana had hypertrophied lenticels that represent the emerging points for flooding-induced adventitious roots above the water level ( Figure 2B ). An adventitious root surrounded by hypertrophied shoot tissue is shown in Figure 2F . Unlike S. martiana, entry points for air into the shoot and adventitious roots occurred occasionally on the epidermal surface (Figures 2G and 2H ). These entry points comprised narrow channels less than 40 µm wide.
Distribution of oxygen
Oxygen concentrations in the root cortex were considerably higher in S. martiana than in T. juruana, showing a relatively broad range of values among individual roots (Table 1) . A linear basipetal decline in cortex oxygen concentration was observed in both species ( Figures 3A and 3B ). Adventitious roots of S. martiana had a high mean oxygen concentration at the surface, indicating radial diffusion from the roots to the rhizosphere. The oxygen concentration at the surface of adventitious roots of T. juruana did not exceed 0.5 mg l -1 and was detectable only when the electrode was within 5 mm of the root tip.
Flooding experiments
To determine the location of the entry points of atmospheric oxygen and the characteristics of its consumption and transport, temporal changes in oxygen concentrations in the root cortex of trees in response to flooding were determined. Flooding of S. martiana up to 0.5 to 1 mm above the origin of an aerial or surface root with oxygen-free water caused a rapid decline in cortical oxygen concentration ( Figure 4A ). About 10 min after the interruption of oxygen transport by flooding of the origin of the adventitious root, oxygen in the cortex was completely consumed. In some cases, a small amount of oxygen remained in the cortex, probably derived from rediffusion of oxygen from the oxygenated rhizosphere. Stepwise flooding of aerial roots caused a step-by-step decline in cortical oxygen concentration (data not shown), indicating that porous areas in the basal root zone enable oxygen from the atmosphere to enter. Within 4-6 min after the removal of floodwater, cortical oxygen concentration increased to its preflooding value ( Figure 4B ). After a steep increase, cortical oxygen concentration approached a saturation value asymptotically, suggesting an exponential time course corresponding to the simple function [O 2 
, where A is the asymptotical oxygen concentration, B is a constant factor, C is the velocity of oxygen transport and t is time. Adjusting this function to the measured oxygen values by nonlinear fitting resulted in exponential functions that matched the experimental data ( Figure 4B ). After restoring oxygen transport, cortical oxygen concentration in the root was only slightly higher than before flooding. These results indicate that all oxygen in the root cortex enters the tree where adventitious roots are in contact with air or very close to the origin of the adventitious roots.
The time course of cortical oxygen concentration in response to flooding and removal of floodwater is shown for T. juruana in Figures 4C and 4D . To interrupt the oxygen supply, the stem had to be flooded at least 1 to 2 cm above the origin of the adventitious root, indicating that the entry points for atmospheric oxygen are widespread in this region of the stem and at the part of the root exposed to the air. The time needed to reestablish the cortical oxygen concentration after removal of floodwater was similar in T. juruana and S. martiana, although oxygen consumption in T. juruana was much faster. As in S. martiana, time course of cortical oxygen concentration following removal of floodwater corresponded to simple exponential functions calculated by nonlinear fitting ( Figure 4D ). Surface roots of S. martiana and roots grown below the surface of the permanent floodwater received oxygen and transported it to those parts of the root system that were surrounded by anoxic agar. Flooding with oxygen-rich water caused a decline in cortical oxygen concentrations to basic values ranging between 1 and 1.5 mg l -1 . Bubbling nitrogen through the floodwater in the plastic tube covering the basal region of the stem ( Figure 1B ) caused a rapid decline in cortical oxygen concentrations to near zero ( Figure 5A ). Bubbling air through the floodwater in the plastic tube reestablished the basic oxygen concentration ( Figure 5A ). In T. juruana, transport of oxygen from the oxygen-rich floodwater to the roots was not observed ( Figure 5B ).
Discussion
Salix martiana and T. juruana inhabit the lowest elevation sites of the flooding gradient in the várzea floodplains (Waldhoff et al. 1998 , Parolin 2002 , where they must cope with a rapidly advancing flood (10 to 20 cm per day) during the onset of the aquatic phase, fluctuations in the water table when flooding is highest (Junk 1989) , and prolonged flooding. The formation of adventitious roots is an adaptation to these conditions that provides energy to support the uptake of water and nutrients during partial submergence. Adventitious roots ensure internal gas transport by reducing the distance of roots to those parts of the shoot that are exposed to the atmosphere and by replacing dead submerged roots.
Flooding experiments indicated that, in both species, inter-TREE PHYSIOLOGY ONLINE at http://heronpublishing.com nal oxygen transport relies on oxygen entering gas-permeable pores in the stem near the origin or in the basal parts of the adventitious roots and does not depend on oxygen generated by photosynthesis. The finding that oxygen transport is readily interrupted by raising the flood-table by only a few millimeters (S. martiana) or centimeters (T. juruana) casts doubt on the occurrence of internal oxygen transport or its possible benefit during the onset of the aquatic phase. However, S. martiana responded to recurring interruption of oxygen transport by rapid formation and elongation of new adventitious roots. Furthermore, the hypodermis of adventitious roots is porous to oxygen diffusion, permitting oxygen uptake from the floodwater, which is of fundamental importance because S. martiana establishes only at sites characterized by swift currents (A. Oliveira, personal communication, Parolin 2002) . Turbulence and strong currents keep the Amazonian surface water well-supplied with oxygen, with concentrations varying between 4.0 and 5.0 mg l -1 , corresponding to a saturation of 53-73% (Furch and Junk 1997) .
Anatomical studies of adventitious roots from S. martiana and T. juruana revealed that roots from both species are equipped with a gas-space continuum in the cortex that facilitates the transport of gases longitudinally from shoots to roots (De Simone et al. 2002a , 2002b . The fate of oxygen transported to the roots differs between the two species. Adventitious roots of S. martiana possess large lacunae in the cortex and are characterized by a low degree of suberization. These anatomical traits result in high cortical oxygen concentrations that meet the demand for root respiration. Permanent oxygenation of the adventitious roots by internal transport prevents the uptake of reduced compounds in S. martiana. In contrast, adventitious roots of T. juruana have low porosity, which does not allow oxygen transport at a rate that is sufficient for respiration. Because of the low root porosity and the relatively long time required for initiation of adventitious root development in T. juruana, induction of alternative metabolic pathways likely contributes to the energy supply of the roots during the first weeks of the aquatic phase. This assumption is supported by investigations on T. juruana cuttings, which exhibited increased alcohol dehydrogenase (ADH) activity and a decreased adenylate energy charge (AEC) during growth under partial submergence in greenhouse experiments (De Simone et al. 2002b) . After 3 to 4 weeks, adventitious roots emerged with slightly increased ADH activity. Once established, internal oxygen transport can influence the energy level of root cells. Thus, plants also benefit from the formation of adventitious roots through improved uptake of nutrients and water.
Simple exponential kinetics of longitudinal oxygen transport with a constant transport rate and a similar time course in both species suggest that, under our experimental conditions, transport is primarily based on diffusion. In addition, constant cortical oxygen concentrations for long periods of time (recorded during several hours, data not shown) in both species point to a diffusion-driven (passive) transport (Beckett et al. 1988 , Skelton and Allaway 1995 , cf. Allaway et al. 2001 . Convective transport processes as a result of pressure differences caused by the solubilization of respiratory CO 2 or by thermo-osmotic pressurization (Schröder 1989 , Große et al. 1992 , Graffmann 2000 are unlikely to be important for three reasons. First, these processes do not show an exponential time course with a constant velocity and stable cortical oxygen concentrations because of changes in the physical conditions driving these processes. Second, respiratory CO 2 is probably not removed rapidly because of the low pH of the rhizosphere and the establishment of a CO 2 profile in the stagnant agar. Third, thermo-osmotic pressurization was not induced. Our results also show that the study species differed in suberin content in the peripheral cell layers, which function as a barrier for radial diffusion of gases to the rhizosphere (Colmer et al. 1998 , Armstrong et al. 2000 , De Simone et al. 2002b , De Simone et al. 2003 ), but did not differ in oxygen transport kinetics. These findings imply that CO 2 solubilization is of limited importance. Otherwise differences in the resistance to outward diffusion of CO 2 would influence solubilization and therefore oxygen transport kinetics.
In this study, oxygen was supplied to the roots mainly by diffusion and was probably effective for only a few decimeters (cf. Armstrong 1979, Raskin and Kende 1985) . However, longitudinal diffusion of O 2 through the root was shown to be sufficient to meet root tissue oxygen demands and O 2 losses to the rhizosphere in Carex species (Moog and Brüggemann 1998) , suggesting that mass flow is not necessarily involved in flooding tolerance. Similarly, we determined that oxygenation of aerenchymatous roots in S. martiana reached a high value of up to 2 mg l -1 near the apex in roots that were up to 16 cm long. If convective oxygen transport and photosynthetic processes occur under natural conditions, they may also contribute to the oxygen supply and make deep rooting possible.
In summary, in both species, alterations of the floodwater table dramatically influenced the oxygen supply to adventitious roots. Internal oxygen derived from atmospheric oxygen entered the shoots in the immediate vicinity of the water surface. A short transport distance appears to be an important prerequisite for effective passive oxygen transport. The two species have different mechanisms for coping with a rapidly advancing flood. The pioneer species, S. martiana, tends to reestablish internal oxygen transport by rapid formation of adventitious roots near the water surface and through the uptake of oxygen from O 2 -rich floodwater. Low root growth rate and low root porosity in T. juruana suggest that adaptation in this species involves increased reliance on alternative metabolic pathways to supply the energy required for uptake of water and nutrients during partial submergence. Low growth rates and a relatively late occurrence in the succession of floodplain forest communities as exemplified by T. juruana requires the protection of resources rather than high respiration rates. Formation of adventitious roots appeared to be advantageous for both species.
